Background. Severity of coronary artery stenosis has been defined in terms of geometric dimensions, pressure gradient-flow relations, resistance to flow and coronary flow reserve, or maximum flow capacity after maximum arteriolar vasodilation. A direct relation between coronary pressure and flow, however, may only be presumed if the resistances in the coronary circulation are constant (and minimal) as theoretically is the case during maximum arteriolar vasodilation. In that case, pressure measurements theoretically can be used to predict maximum flow and assess functional stenosis severity. Methods 
alone expressed as coronary flow reserve without knowledge of stenosis geometry or pressure gradient is a simplified but theoretically accurate and complete descriptor of functional severity that has been validated experimentally as equivalent to geometric or fluid dynamic analysis and shown to be applicable clinically. '-6 A direct relation between coronary pressure and flow or flow reserve, however, may be presumed only if coronary resistances remain constant (and minimal) as theoretically is the case during maximum arteriolar vasodilation. In that case, pressure measurements alone theoretically can be used to predict flow and thereby functional stenosis severity. Under those circumstances, coronary pressure measurements in principle also should be able to quantify collateral flow without using radiolabeled microspheres suitable only for experimental preparations. The concept of coronary pressure measurements alone during maximum vasodilation to assess stenosis severity, flow reserve, and collateral flow has not been reported previously, although it is important to our understanding of the fluid dynamics of the stenotic coronary artery. Therefore, the purpose of this study was to describe systematically the theoretical basis for calculation of flow in the different components of the coronary circulation, including collateral flow, with pressure measurements during maximum coronary vasodilation; to validate experimentally this theoretical model; and to show its potential clinical applications for assessing changes in functional stenosis severity before and after percutaneous transluminal coronary angioplasty (PTCA). For this study, the maximally achievable coronary and myocardial flows in the presence of a stenosis are expressed as a fraction of their normal maximum values expected in the absence of a stenosis, defined as zero pressure gradient. Therefore, a normal coronary artery or normal reference distribution elsewhere in the heart is not necessary in this approach. Furthermore, the separate contributions of coronary arterial and collateral flow to myocardial perfusion can be quantitated. The basic theory is developed by the use of hemodynamic equations and validated experimentally in this report with potentially practical applications through PTCA.
Methods

Theoretical Background
Previous attempts to relate transstenotic pressure gradient (AP) to the functional significance of a stenosis have been disappointing such that at present only a few centers still routinely perform these measurements. 7 Although decrease of AP after PTCA has been used to assess the success of the procedure, the correlation is poor and has little additional value over morphological assessment of results.7- '3 There are three reasons why pressure measurements have not been useful for assessment of flow. First, the instrument used for pressure measurement in previous studies (in most cases, the balloon catheter) is unsuitable because its size is too large compared with the size of the coronary artery. The cross-sectional area of an 80% area stenosis in a vessel with a diameter of 3.0 mm is almost completely obstructed by a 3F balloon cathestandard PTCA catheters, severe overestimation of AP may occur.7 '4 Second, most previous measurements have been made in the basal state,9-"1' lin which AP is determined primarily by flow as affected by distal coronary autoregulation. Flow and pressure are related to each other by epicardial and myocardial vascular resistances. These resistances are continuously changing under the influence of myocardial oxygen demand, arterial pressure, contrast injections, and coronary vasomotion. Therefore, theoretically, the relation between flow and pressure cannot be related to stenosis severity unless these resistances are known or at least remain constant. This condition can be met by obtaining pressure measurements during maximum vasodilation of the vascular bed when all resistances in the coronary circulation are close to minimal and presumably constant.'2 As is true for coronary flow reserve, making functional measurements of stenosis severity from pressure measurements after maximum vasodilation is intuitively reasonable because the functional capacity of patients with ischemic heart disease is determined by the maximally achievable blood flow through the stenosis and its dependent myocardium." 2'16'17 Although the necessity of maximum vasodilation generally is recognized at present, it has not been applied to measurements of pressure gradients in a number of previous studies.8-"',14 '15 Third, in previous studies for assessing stenosis severity by pressure measurements, coronary flow or improvement of flow has been related to transstenotic pressure gradient or decrease of that gradient or to transstenotic pressure gradient expressed as a percent of proximal arterial pressure.7-"'l5 This approach is fundamentally limited because it fails to recognize that the stenosis is only one part of a complex hydrodynamic system of which other parts may also affect the influence of the stenosis on blood flow.
Gould and Kirkeeide34 first described a systematic analysis of flow-pressure relations that considered the coronary circulation as a system of serial resistances with the stenosis of the epicardial artery being one component. Their description, however, did not take into account the collateral circulation and as a result could not explain a number of experimental data. Therefore, we modeled the coronary circulation in flow-pressure terms after maximum vasodilation, including the contribution of flow through the epicardial coronary artery and the collateral flow to the total myocardial blood flow. In this specific restricted model of maximum vasodilation, measurements of pressures alone enable calculation of relative maximum flow in the epicardial coronary artery and the myocardium and the relative contribution of collateral flow. Therefore, this model theoretically provides a good measure of the functional significance of a coronary artery stenosis. Furthermore, changes in maximum coronary flow, myocardial flow, and collateral flow as a result of an intervention can be readily determined in this model through simple pressure measurements under the conditions of maximum vasodilation. tery is compared with what maximum flow would be in that same artery in the absence of that stenosis. Consequently, we express coronary flow reserve for a stenotic artery as a fraction of its normal expected value in that same artery in the absence of a stenosis. We therefore use the term "fractional flow reserve" (FFR). In the literature, the term "relative flow" reserve is used in the sense of a flow reserve relative to an adjacent normal coronary artery.1,2 However, a unique strength of the model described here is the theoretical capacity to determine FFR even in the presence of three-vessel disease when no normal adjacent coronary artery is present. FFR of the coronary artery defined in this way therefore represents the maximally achievable flow in the artery in the presence of a stenosis divided by maximum flow expected in the same artery in the absence of that stenosis. This parameter exactly indicates the degree to which the vessel's function is affected by the stenosis. FFR of the myocardium supplied by the corresponding artery is defined in a similar way.
In Figure 1 (') and the conditions thereafter by (2) . Figure 3 ).
Measurement of P,, during occlusion of the coronary artery was repeated halfway through and at the end of the series of stenoses. Intravenous infusion of phenylephrine (0.05 mg/mL) then was started to achieve a steady-state arterial pressure of approximately 25-50% above the normotensive state. After the desired steady hypertensive state was achieved, another series of 12 measurements at 12 different degrees of stenosis was performed, preceded and followed by registration of Pw during total occlusion in a way identical to that described before.
Finally, intravenous administration of sodium nitroprusside (1 mg/mL) was started to create hypotension at an arterial pressure of approximately 25-50% below the initial value, and another series of measurements at 12 different degrees of stenosis was performed, again preceded and followed by determination of Pw, respectively. In every dog, maximum coronary blood flow in the presence of the different degrees of stenosis ranged from near 0% to 100% of the initial control value in the absence of a stenosis, thereby indicating that the complete spectrum of stenosis seventies was represented. The ratio between maximum blood flow velocity after intracoronary papaverine injection (8 mg) and postocclusional maximum blood flow velocity at the start of each series was 0.99±0.03 (range, 0.95-1.03), confirming that the presence of maximum arteriolar vasodilation was obtained by this dose of papaverine. In Figure  3 , examples of hemodynamic recordings at a number of steps in one series of stenoses for one dog are demonstrated. In all dogs, the three levels of arterial blood pressure were achieved (Table 1) . In one dog, at the end of the hypertensive series, diffuse intrathoracic bleeding occurred and led spontaneously to arterial hypotension, which was controlled thereafter by fluid infusion to obtain a steady-state hypotensive level for completion of the third series of stenoses. No sodium nitroprusside was administered in this case.
The relation between (Pa,-P) and (PW-P,) is shown for the individual dogs in Figure 4 . As expected from theory (Equation 1), the experimentally observed relation is constant. The correlation coefficient is 0.97+0.03 with a slope of 4.4+1.2 and an intercept of 9.5+13.3 mm Hg (Table 1 ). This intercept is not significantly different from 0 (Student's t test). The slope of the regression line equals 1+RC/R and therefore can be considered to be a measure of the extent of collateral circulation. The Figure   6 , a good correlation is present between QJ/QY, measured by Doppler, and (Pd-P)/(PaI-P,), representing In the present study, the separate contributions of flow through the supplying coronary artery and collateral flow to myocardial blood flow can be differentially quantified. According to our calculations, the maximum recruitable collateral flow, as encountered during coronary artery occlusion, ranged from 18% to 36% of normal maximum myocardial blood flow. These data are compatible with a former study by Schaper in chronic instrumented dogs. 28 In that study, maximum collateral flow was approximately 30% of maximum myocardial blood flow.
Our model also shows that reduction of a transstenotic pressure gradient (e.g., from 40 to 10 mm Hg) by PTCA does not carry the same meaning in different patients, even when arterial pressure is identical in both patients. The Our model assumes that maximally recruitable flow in collaterals remains constant throughout the procedure of a number of brief total occlusions for measuring P,,
The literature indicates different and sometimes longer time constants for opening collateral channels compared with our measurement period,27'38-43 subject to further experimental validation. Therefore, it should be emphasized that changes in recruitable collateral flow during the procedure would invalidate the conceptional interpretation of our model. The excellent correlation between pressure-derived FFR and directly measured FFR provide strong indirect evidence for the correctness of our equations for measuring collateral flow. However, further confirmation of the details of our model for collateral flow is warranted and requires a different animal model in which arterial flow and separate collateral and myocardial perfusion are measured by radiolabeled microspheres. Because large numbers of flow measurements could not been made with that technique and because proof of Equations 2 and 5 was most essential to our concept, we used the simpler animal model described here to compare FFR calculated from pressure measurements to direct measurements of relative maximum coronary flow, thereby validating the essential concept and the most complex Equations 2 and 5 directly.
Our results raise some conceptual questions that need further investigations in carefully controlled animal and human studies. Strictly speaking, we have validated the model in Figure 1 by experimental onevessel disease with collateral flow that enters at the prearteriolar level. Although theoretically our equations are also true with repetitive units of the model in Figure 1 First, it will be proved that the ratio between mean arterial pressure (Pa) and coronary wedge pressure (P), both after subtraction of venous pressure (P,), is constant. For that purpose, suppose in Figure Theoretically, maximum blood flow through the myocardium can be compared before and after the intervention by: (1) or, if correction for pressure changes is made, by: (2) Figure 1 , it is clear that Qc=(Pa-Pd)/Rc Therefore: (A7a) Qc =(FFRmyo-FFRcor)* QN (A4b) In case of interventions, it should be realized that flow at maximum vasodilation is directly proportional to the driving pressure Pa-Pv. Therefore, the ratio between maximum flow through the coronary artery before (situation 1) and after the intervention (situation 2) can be written as the following:
pa (2) 
In fact, Equation A7 states that decrease of AP by improved stenosis geometry after PTCA induces a proportional decrease of the relative contribution of collateral flow to total myocardial flow, which will be further clarified in the following examples.
Application of these equations in clinical practice also will be demonstrated.
Example 1
The first example is based on the simple hemodynamic case in which systemic pressures (Pa and Pj) are unchanged during PTCA. Therefore, according to Equation Ala, wedge pressure (P,) also is constant.
Before and after PTCA of one of the coronary arteries, pressure measurements are performed by the pressuremonitoring guide wire at maximum coronary hyperemia induced by intracoronary administration of papaverine or adenosine. Mean arterial pressure (Pa) is 90 mm Hg both before and after the procedure; transstenotic pressure gradient AP is reduced from 50 mm Hg before to 10 mm Hg after the procedure; and venous pressure (P,) is 0 both before and after the procedure. P,, measured during balloon inflation, is 20 mm Hg. Therefore p(1)-p(2)=90 mm Hg, PJ') =40 mm Hg, P52))=80 mm Hg, p(1)_p(2) =0 mm Hg, and P(,)=P(2)=20 mm Hg.
With Equations A6b, A5b, and A7b, the following is obtained: In other words, maximally achievable blood flow through the myocardium increased by a factor 2; maximally achievable blood flow through the dilated artery increased by a factor 3; and collateral blood flow decreased by a factor 5.
By using Equations A2b, A3b, and A4b (both before and after PTCA), one In this case, with changing Pa and P,,, at first p(') and P, (,2) have to be calculated because (Pa-P,)/(Pa -P,) is constant according to Equation Ala: Because P,()=24 mm Hg, and P(2)=20 mm Hg, in an identical way as in example 1, Equations A6b, A5b, and A7b are used to calculate the following: In other words, maximally achievable blood flow through the myocardium increased by a factor 1.6, maximally achievable blood flow through the dilated artery increased by a factor 2, and collateral flow decreased by a factor 2.5.
By using Equations A2b, A3b, and A4b (both before and after PTCA), one obtains the values of all flow parameters, expressed as a fraction of normal maximum myocardial blood flow expected in the absence of a stenosis and normalized for pressure changes: 
